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Single-mode Bragg grating reflection has been achieved in all-solid photonic bandgap fibers by use of
femtosecond laser pulse irradiation through a phase mask. The grating created is confined to the all-silica
fiber core region and exhibits higher thermal stability than other type I femtosecond-pulse-induced gratings.
© 2009 Optical Society of America
OCIS codes: 060.7140, 050.2770, 060.4005.The photonic bandgap (PBG) fiber is an optical fiber
that confines the light to the fiber core by use of the
PBG of the cladding material, without resorting to
total-internal reflection. In recent years, the hollow-
core PBG fibers and associated devices have at-
tracted a lot of research interests because of their low
level of dispersion and deleterious nonlinear effects
and high potentials of low propagation loss, created
by the reduced level of scattering and absorption in
the empty core [1,2]. However, such fibers are diffi-
cult to fabricate and suffer from the drawback of
large splicing loss when connected to the conven-
tional single-mode fibers (SMFs). Furthermore, sur-
face modes are excited in the fiber structure [3],
which significantly affects the fiber transmission
properties. On the contrary, all-solid PBG fibers are
easy to fabricate and convenient to splice to the con-
ventional SMFs as no air hole collapse occurs, and
the fiber core can be readily doped for Bragg grating
inscription or lasing or amplifying system activation.
Such fibers are usually composed of a two-
dimensional array of high-index rods embedded in a
low-index background material [4], with the core
formed by omitting one or more rods [5], and have po-
tential applications in compact photonic devices [6].
Recently, fiber Bragg gratings (FBGs) have been
inscribed into the Ge-doped cladding rods in all-solid
PBG hydrogen loaded fibers by use of KrF excimer la-
ser and the grating resonance coupling to the guided
LP01 supermodes has been observed, which is much
stronger than that between the core modes [7] and as
a result, a single-mode grating reflection cannot be
achieved, which essentially limits the grating appli-
cations.
In this Letter, the FBGs written in nonphotosensi-
tive all-solid PBG fibers by use of femtosecond laser
pulses are presented. The gratings are located in the
all-silica core region, and as a result, single-mode
grating reflection can be obtained. The thermal sta-
bility of the FBGs fabricated is better than that of the
other type I femtosecond-pulse-induced gratings.
The PBG fiber used in this work is fabricated in theUniversity of Bath by using a modified stack-and-
0146-9592/09/081264-3/$15.00 ©draw process [4], in which a Ge-doped high-index rod
lattice of six layers is embedded in pure silica back-
ground (with the index difference of 1%), and the core
is formed by omitting one single rod (as shown in Fig.
1). The pitch of the high-index rods is 11 m, and the
nominal ratio of the diameter of the raised-index rods
to the pitch is d /=0.4. The fiber diameter is
200 m. In the experiment, a 3 cm length of the
PBG fiber was spliced to the conventional single-
mode fibers which were well aligned to minimize the
insertion loss and to avoid complicated mode cou-
plings between the high-index rods and the fiber core.
Owing to the mode field mismatch, the total insertion
loss obtained was 6 dB. After splicing, the fiber was
exposed to 800 nm 120 fs laser pulses from a spectra-
physics spitfire Ti:sapphire amplifier with the repeti-
tion rate of 1 kHz and the 1/e Gaussian beam radius
of 2 mm. The laser system had the maximum pulse
energy of 1.0 mJ, which was attenuated by rotating
a half-wave plate followed by a linear polarizer. The
laser beam was focused using a cylindrical lens with
the focal length of 60 mm before passing through a
silica phase mask to illuminate the all-solid PBG fi-
ber. The focal line could be adjusted by moving the
cylindrical lens, which was mounted on a three-
Fig. 1. (Color online) Microscopic photograph of the cross
section of the all-solid PBG fiber. The black spots represent
Ge-doped rods.
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laser beam behind the fiber was monitored with a
CCD camera. The focal position could be estimated
by the beam shape; however, the actual position was
determined by the morphology picture of the grating.
Assuming a Gaussian light beam, the width of the fo-
cal line on the fiber core is about 22f /0
=15.2 m, where  is the laser wavelength, f is the
focal length of the focusing lens, and 0 is the inci-
dent beam diameter (the focusing effect of the
125 m diameter fiber cladding has not been taken
into account). The phase mask used (Ibsen Photonics)
had the grating pitch of 540 nm and the dimension of
1010 mm2 was optimized for 800 nm illumination,
with the first-order diffraction efficiency of 72.8%.
The fiber to be inscribed in was located in a close dis-
tance of 300 m to the phase mask, which was ac-
curately positioned using a high-precision four-axis
translation stage. Since 20.6% of the zeroth-order
diffraction could not be blocked, partial annealing oc-
curred during the growth of the grating.
By carefully adjusting the focal line to be located in
the fiber core, the grating structure was successfully
formed owing to refractive index modulation in the fi-
ber core, induced by the multiphoton absorption. The
online measurement of the grating spectrum was
implemented by using a superwide-band light source
(Amonics ALS-CWDM-FA) and an optical spectrum
analyzer (Yokogawa AQ6319) with a resolution of
0.02 nm. The consistency of the results could be ob-
served by fabricating a number of gratings under the
same conditions. The fiber was then cleaved at the
center of the FBG, and the morphology profile across
the fiber section was examined by a Nikon 80i micro-
scope.
Bragg grating with transmission of 8 dB, spectral
bandwidth of 0.45 nm, and out-of-band insertion loss
of about 1 dB was inscribed in the nonphotosensitive
all-solid PBG fiber with the pulse energy of 620 J
(intensity of 1.41013 W/cm2). The exposure time
was 30 min because of the slowly grating evolution
and the saturation of the FBG peak growth was ob-
served for this type I grating. The transmission and
reflection spectra are shown in Fig. 2. Assuming a
uniform FBG (of 4 mm length), the refractive index
modulation in the fiber core corresponding to the
8 dB transmission at the resonant wavelength of
Bragg=1566.9 nm was estimated to have nind=1.2
10−4. The supermode reflections were not observed
from the spectrum, which may result from the almost
uniform index change across the fiber core as can be
seen from the optical microscope image of the grating
fringes created by the refractive index modulation in
the fiber core region (see Fig. 3). Jin et al. [7] demon-
strated the supermode resonance generated by the
phase relationships among the rods in the UV-laser-
induced Bragg gratings in hydrogen-loaded all-solid
PBG fibers. Hydrogen loading was reported to result
in a dramatic enhancement of the photosensitivity of
the Ge-doped rods, which leads to a significantly low-
ering of the grating writing threshold [8], and the
gratings obtained were most probably formed in the
Ge-doped rods instead of the pure silica core area.Since the all-solid PBG fibers used in our work were
not loaded with hydrogen, the location of gratings
mainly depends on the position and the size of the fo-
cal line. By careful alignment, the gratings could be
formed merely in the core region; thus, no supermode
resonances were observed in our experiment and a
clear single-mode grating reflection was obtained.
The femtosecond-laser-pulse-induced grating in
all-solid PBG fibers as shown in Fig. 3 has a regular
structure with the total length of 3.5 mm. Such a
structure could become irregular in the regions
where the Gaussian beam profile tapered to zero, re-
sulting in some missed grating lines. The grating
lines were located in the fiber core area as shown in
Fig. 3(a), where the laser incident direction was also
plotted. The influence area of the femtosecond pulses
along the beam propagation direction was approxi-
mately rectangular with 1565 m2 dimension as
shown in Fig. 3(b), where the cross section of the fiber
was cleaved at the center of the FBG. It can be ob-
served that except for the all-silica core area, the Ge-
doped rods were not affected by the laser pulses and
remained unchanged.
The thermal stability of the FBG is an important
issue toward its practical applications, which is char-
acterized by the isochronal annealing approach using
an ISOTHERMAL PEGASUSPLUS 1200 tube furnace.
The annealing characteristics of the FBGs written in
the nonphotosensitive all-solid PBG fibers have been
investigated, and the results are shown in Fig. 4,
where the decay in the grating reflectivity is repre-
sented in terms of the decay in refractive index
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Fig. 2. (Color online) Transmission and reflection spectra
of the FBG fabricated in an all-solid PBG fiber with 620 J
pulse energy.
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Fig. 3. (Color online) Microscope images of the grating
morphology in the (a) longitudinal and (b) the cross section
of the fiber.
1266 OPTICS LETTERS / Vol. 34, No. 8 / April 15, 2009modulation of the gratings written in these fibers [9].
When the gratings fabricated in all-solid PBG fibers
were subjected to a series of thermal exposures at
100°C, 200°C, and then progressively to 1000°C
with a temperature increment of 100°C, the corre-
sponding variation of the refractive index modulation
nind was recorded in Fig. 4. It could be observed, as
expected that the gratings were more thermally
stable when compared with UV-laser-induced
samples. The gratings were almost unaffected by the
thermal exposure up to 700°C with a value of nind
=1.210−4, following which a slowly decay occurred
at the elevated temperatures. The temperature cor-
responding to the 50% decrease in the normalized re-
fractive index change nind was 900°C, instead of
650°C for the UV-laser-induced gratings in the
H2-free fibers as reported in [10] (the thermal stabil-
ity of the H2-loaded fibers is even worse), even higher
than that of the type I femtosecond-laser-induced
gratings in Ge-doped SMF-28 fibers (about 800°C as
reported in [11]). The gratings in-all solid PBG fibers
can sustain a higher temperature than that of the
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Fig. 4. Thermal degradation of the FBG written in all-
solid PBG fiber, with elapsed time over various tempera-
ture ranges.conventional FBGs, which is probably due to the dif-
ference in the fiber structure and the fact that the re-
fractive index modulation region is confined within
the pure silica core of the fiber.
In conclusion, Bragg gratings have been success-
fully written in the nonphotosensitive all-solid PBGs
by use of femtosecond pulse irradiation through a
phase mask. Such gratings support only a single-
mode resonance, which is achieved by aligning the la-
ser focal line at the pure silica fiber core area. The
annealing test results show that the gratings in-
scribed by femtosecond laser pulses exhibit higher
temperature stability than that of the other type I
femtosecond-pulse-induced gratings.
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